To fill critical knowledge gaps with regard to the distributions and conservation status of the wild relatives of chile peppers (Capsicum L.).
| INTRODUC TI ON
Crop wild relatives-the wild progenitors and closely related species to cultivated plants-have provided many important agronomic and nutritional traits for crop improvement (Dempewolf et al., 2017; Hajjar & Hodgkin, 2007) . As populations of some of these taxa are adapted to extreme climates, adverse soil types, and important pests and diseases, they may provide key traits for the adaptation of crop plants to emerging and projected future challenges (Dempewolf et al., 2013) .
Knowledge gaps with regard to wild genetic resources, including information on species' taxonomy and relatedness to pertinent crops (i.e., gene pool assignments), geographic distributions, and values for traits of interest, constrain their potential use in plant breeding (Dempewolf et al., 2017; Miller & Khoury, 2018) . Such knowledge gaps also affect conservation efforts, which are essential to protect vulnerable populations from habitat destruction, over-harvesting, climate change, pollution, and invasive species (Bellon, Dulloo, Sardos, Thormann, & Burdon, 2017; Díaz et al., 2019; Jarvis, Lane, & Hijmans, 2008) , and to ensure that these genetic resources are safeguarded for the long term and available for research in ex situ plant conservation repositories (Castañeda-Álvarez et al., 2016; Gepts, 2006) . Global analyses indicate that many crop wild relatives are poorly represented in gene banks (Castañeda-Álvarez et al., 2016) and in protected areas (Khoury et al., 2019a) . These reports highlight the urgency of addressing fundamental knowledge gaps to have the information available to guide conservation and crop improvement efforts.
The chile pepper genus (Capsicum L.) originated in the Andes Mountains, in north-western South America, and subsequently diversified and dispersed, initially by birds and later also by people, throughout the neotropics and subtropics (Bosland & Votava, 2012; Carrizo Garcıa et al., 2016; Noss & Levey, 2014) . There is evidence that humans were using wild chile peppers as early as 8,000-10,000 years ago (Davenport, 1970; Heiser, 1969; Pickersgill, 1966) . Domesticated forms of chile peppers, as well as human dispersal of the fruits within the Americas, including to parts of the Caribbean, have been documented from at least 6,000 years ago (Jarrett et al., 2019; Perry et al., 2007; Perry & Flannery, 2017; Pickersgill, 1969 Pickersgill, , 1977 Walsh & Hoot, 2001) . Originally used primarily for medicinal and ceremonial purposes, chile peppers became an important spice and vegetable for diverse Indigenous peoples (Bosland & Votava, 2012; Luna-Ruiz, Nabhan, & Aguilar-Meléndez, 2018; Smith, 1967) .
Today, chile peppers are used worldwide as a vegetable, spice, colourant and pharmaceutical (Wall & Bosland, 1998) . They are consumed daily by approximately a quarter of the world's population (Halikowski Smith, 2015) . Some chile pepper varieties have exceptionally high levels of provitamin A (Guzman, Bosland, & O'Connell, 2011; Kantar et al., 2016) and thus can make a significant contribution to fulfilling that nutritional requirement. Chile peppers are a high value crop (DeWitt & Bosland, 1993) , providing economic benefits to both smallholder and larger-scale farmers (Kahane et al., 2013) .
Capsicum contains five principle domesticated chile pepper taxa-Capsicum annuum L. var. annuum, Capsicum baccatum L. var. pendulum (Willd.) Eshbaugh [incl. syn. Capsicum baccatum L. var. umbilicatum (Vell.) Hunz. & Barboza] , Capsicum chinense Jacq., Capsicum frutescens L. and Capsicum pubescens Ruiz & Pav. (Bosland & Votava, 2012; Walsh & Hoot, 2001 )-and ca. 37 wild taxa, some of which are also occasionally cultivated in home gardens (Table 1) (Baral & Bosland, 2002; Zonneveld et al., 2018) . Among the domesticated species, C. annuum var. annuum is the most widely grown and studied. Both C. annuum var. annuum and C. baccatum var. pendulum have extant putative progenitors (Capsicum annuum var. glabriusculum (Dunal) Heiser & Pickersgill and C. baccatum L. var. baccatum, respectively) ; the progenitors of the remaining domesticates have not been identified.
Three genetic (species) complexes have been recognized within the genus, based on genetic relatedness and reproductive compatibility with the domesticated taxa (Barchenger & Bosland, 2019; Emboden, 1961; Eshbaugh, 1970; Heiser & Smith, 1948; Pickersgill, 1971 Pickersgill, , 1980 Scaldaferro, 2019; Tong & Bosland, 1999) . Each of these complexes contains both domesticated and wild taxa. Member species of the annuum complex generally have white, greenish, or yellowish flowers, and include the crop species C. annuum var. annuum, C. chinense and C. frutescens. Members of the baccatum complex typically have white flowers with yellow to green corolla spots.
Members of the pubescens complex have purple flowers. While
comprehensive crossability studies between all species in the genus have yet to be completed (Barchenger & Bosland, 2019) , successful assessment indicated that six taxa may be critically endangered, three endangered, ten vulnerable, six near threatened and 12 least concern.
Main conclusions: Taxonomic richness hot spots, especially along the Atlantic coast of Brazil, in Bolivia and Paraguay, and in the highlands of Colombia, Ecuador, Peru and Venezuela, represent particularly high priority regions for further collecting for ex situ conservation as well as for enhanced habitat conservation. hybridizations are known among species (Scaldaferro, 2019) , including between those belonging to different complexes (Walsh & Hoot, 2001) . Provisional clades of Capsicum species, based on their positions in phylogenetic trees using sequence-based molecular markers, have also been described (Carrizo Garcıa et al., 2016) . Genetic relatedness classifications based on interfertility research, supplemented by taxonomic, phylogenetic and ploidy information, provide partial indications of the gene pools of the domesticated species (Table 1; USDA ARS NPGS, 2019).
Unlike tomato (Solanum lycopersicum L.; Lin et al., 2014) and potato (Solanum tuberosum L.) (Hirsch et al., 2013) , other important crops in the Solanaceae, the genetic diversity contained in wild relatives of chile peppers has not been well studied (van Zonneveld et al., 2015) or widely utilized (Mongkolporn & Taylor, 2011) , aside from a few reports of disease resistance (Kenyon, Kumar, Tsai, & Hughes, 2014) . Tolerance of wild Capsicum to abiotic stresses such as salinity, drought, flooding and heat, all recognized challenges in the production of the crop taxa (Aloni, Peet, Pharr, & Karni, 2001; De Pascale, Ruggiero, Barbieri, & Maggio, 2003; Gajanayake, Trader, Reddy, & Harkess, 2011; Han, Li, Wang, & Miao, 1996; Maas & Hoffman, 1977; Rao & Li, 2003) , has not been investigated.
A number of wild Capsicum taxa are harvested from nearby populations and sold in local and regional markets. For example, fruit of Capsicum eximium Hunz. and C. baccatum var. baccatum are much in demand in Bolivia due to their unique taste profiles, thus providing market opportunities for local communities (van Zonneveld et al., 2015) . In Mexico, flavours associated with C. annuum var. glabriusculum make them highly sought after and consumers are willing to pay a premium for more flavourful fruit (Villalon-Mendoza, Medina- annuum var. glabriusculum, all of which were determined to be secure although the assessments are from the 1990s (NatureServe, 2019).
Here we use taxonomic and geographic occurrence information to model the potential distributions of all 37 currently known wild taxa in the genus Capsicum, and to characterize their ecogeographic niches. We assess the conservation status of the taxa, in gene banks and botanic gardens (ex situ), and in protected areas (in situ), and perform preliminary threat assessments.
| ME THODS

| Occurrence information
Reference occurrence data were obtained from all records listed within the genus Capsicum from the Global Biodiversity Information Taxonomic names were standardized based on current literature (Barboza & Bianchetti, 2005; Barboza et al., 2011 Barboza et al., , 2019 Carrizo Garcıa et al., 2016; Jarrett et al., 2019) and a monograph on the genus soon to be published (Barboza et al., in prep) . Cultivated taxa; records listed in sample status fields as other than wild, weedy or null (e.g., landrace, improved, breeding material and cultivated); fossil specimens in the GBIF dataset;
and records listed in collecting/acquisition source fields as sourcing from markets, institutes and home gardens were excluded. In preparation for the conservation analysis, we classified each record according to whether it was a reference observation (labelled H, as most of these records were To review the occurrence data in preparation for distribution modelling, H and G coordinates were uploaded to an interactive mapping platform (Google, 2019b) . Occurrences in bodies of water or in clearly incorrect locations were corrected or removed. Refined occurrence data were extracted for use in distribution modelling.
The final occurrence dataset is available in Appendix S1, sheet 1 in the Supporting Information.
| Distribution modelling
The maximum entropy (MaxEnt) algorithm (Phillips, Anderson, Dudik, Schapire, & Blair, 2017) accessed through the R statistical package "dismo" (Hijmans, Phillips, Leathwick, & Elith, 2017 ) was used to produce potential ecogeographic (climatic and topographic) suitability models (i.e., potential distribution models) for the taxa, following processes outlined in Khoury et al. (2019a) . A total of 26 ecogeographic predictors (Table S2 .1 in the Supporting Information) were assembled. These included 19 bioclimatic variables, and solar radiation, water vapour pressure, and wind speed, as derived from WorldClim 2 (Fick & Hijmans, 2017) . For the final three variables, we produced annual values by calculating the median across monthly values.
Altitude data were obtained from the CGIAR-Consortium for Spatial Information (CSI) dataset based on NASA Shuttle Radar Topography Mission (STRM) data (Jarvis, Reuter, Nelson, & Guevara, 2008) .
Variables for slope and aspect were also incorporated after having been calculated from the altitude dataset using the terrain function in R package "raster" . All ecogeographic predictors were processed at a spatial resolution of 2.5 arc-min (~5 km 2 at the equator) (values available in Appendix S1, sheet 2 in the Supporting Information; raw data available from Khoury et al., 2019b) .
Ecogeographic variables (per taxon) were selected using the R package "VSURF" (Genuer, Poggi, & Tuleau-Malot, 2018) . All variables with no measurable impact on model performance were removed and the remaining variables were ranked in order of importance. Starting with the most important predictor, variables with a Pearson's correlation coefficient greater than a 0.7 were removed.
This process was performed for the top five predictor variables, with the remaining variables employed in the modelling process (Appendix S1, sheet 3 in the Supporting Information).
The number of comparative background points (pseudo-absences) were defined per taxon in proportion to the total area of the spatial background, which was calculated based on pertinent ecoregion boundaries, that is the ecoregions defined in Olson et al. (2001) (available from Khoury et al., 2019b) wherein occurrence data fell, bounded by pertinent country borders, with a maximum of 5,000 pseudo-absences per taxon. Pseudo-absence points that fell within the same cell as a presence point were not included.
For each taxon with at least 10 coordinates, the modelled distribution was calculated as the median of ten MaxEnt model replicates (K = 10), using linear, quadratic, hinge and product features, with a regularization parameter β = 1.0. For taxa with less than ten coordinates, the median of three replicates (K = 3) was calculated. 
| Ecogeographic characterization
Ecogeographic predictor information, at a resolution of 30 arc-seconds (approximately 1 km 2 at the equator) for 23 pertinent variables (slope and aspect variables were not included as they do not provide meaningful ranges with which to distinguish variation among taxa) from the WorldClim 2 and CGIAR-CSI datasets, were extracted for all records with coordinates, for all taxa (Appendix S1, sheet 4 in the Supporting Information). These data were used to characterize taxa with regard to their potential ecogeographic niches for each variable. We also used these data to assess the representation of these niches in ex situ conservation by comparing the distributions of G points for each taxon within the full spread of its occurrences, as supplement to the conservation analysis described below.
| Conservation gap analysis
We assessed the degree of representation of each taxon in both ex situ and in situ conservation systems building on methods outlined in Khoury et al. (2019a) . For ex situ, four scores were calculated.
The sampling representativeness score ex situ ( where 50 ≤ FCSc-mean < 75, and sufficiently conserved (SC) for taxa whose FCSc-mean ≥ 75 (Khoury et al., 2019a) .
To supplement the conservation gap analysis, we used the occur- (EN) where 100 km 2 < EOO < 5,000 km 2 or 10 km 2 < AOO < 500 km 2 , vulnerable (VU) where 5,000 km 2 < EOO < 20,000 km 2 or 500 km 2 < AOO < 2000 km 2 , possible near threatened (NT) where 20,000 km 2 > EOO < 45,000 km 2 or 2,000 km 2 < AOO < 4,500 km 2 , and least concern (LC) where EOO ≥ 45,000 km 2 and AOO ≥ 4,500 km 2 . We did not perform analyses based on rates of change over time due to the limited date information in the occurrence dataset, but provided observations based on our field experiences for some taxa.
While the metrics and observations do not provide the full set of criteria needed for Red Listing, they may offer indications of the most probable threat status of the taxa.
| RE SULTS
| Distributions of wild Capsicum
A total of 6,974 occurrence records for the 37 taxa were compiled, processed and accepted for use for distribution modelling and glabriusculum-the putative wild progenitor of C. annuum var. annuum and most widely dispersed and well-studied wild taxon in the genus.
Of the 29 taxa with at least ten distinct occurrences, and thus modelled with ten replicates, all passed the preset distribution modelling evaluation criteria and were therefore considered robust (Table S2 .3 in the Supporting Information). The eight taxa with less than ten coordinates were each modelled with three replicates, producing ASD15 scores outside the threshold. Based on our current knowledge, we consider these models to be fair 
| Ecogeographic characterization
Substantial variation with regard to ecogeographic niches was found across taxa. For example, the taxa with occurrences in the locations 
| Conservation status
With regard to the conservation status of wild Capsicum in gene banks and botanic gardens, the overwhelming majority of taxa were found to be minimally or completely unrepresented ex situ. Twentythree taxa (62.2% of the total) were not represented in the available germplasm databases. An additional nine taxa had fewer than ten accessions. A total of 35 taxa were assessed as high priority for further collecting, including the two putative crop progenitors (C. annuum var. glabriusculum, with an FCSex of 6.65, and C. baccatum var.
baccatum, FCSex of 20.45) ( Figure 2 , Table 2 ; Table S2 .2). Capsicum chacoense (FCSex = 27.1) was assigned medium priority, and C. cardenasii (FCSex = 82.11) was considered sufficiently conserved ex situ.
The mean FCSex across all taxa was 6.60 on the conservation status scale of from 0 to 100.
Due to such a low level of ex situ conservation of these wild taxa, further collecting is needed throughout their distributions. Priorities for collecting largely mirror patterns of taxon richness, thus, uncollected populations of up to ten taxa potentially occur in the same ca.
5 km 2 areas in coastal Brazil (Figure 3a) .
The analysis of representation ex situ of the ecogeographic niches of the taxa indicated that C. annuum var. glabriusculum, C. baccatum var. baccatum and C. chacoense (i.e., the only taxa with more than 10 germplasm occurrences) are relatively well represented in gene banks and botanic gardens with regard to diverse ecological adaptations ( Figure S2.2) . The rest of the taxa, with no or very few occurrences, are poorly represented.
F I G U R E 1 Predicted taxonomic richness map combining the 37 wild Capsicum L. taxa potential distribution models. Darker colours indicate greater numbers of taxa potentially overlapping in the same areas
As for in situ conservation in the territories included in the World Database of Protected Areas (IUCN, 2019) , taxa were generally considerably better protected than with regard to ex situ conservation, with a mean FCSin across all taxa of 45.98 (Figure 2 , Table 2; Table   S2 .2). One taxon (C. piuranum) was determined to have no official habitat protection anywhere within its potential distribution in northern Peru. Thus, it was categorized as high priority for further action. However, protected areas were detected nearby the modelled distribution of the species. Two other taxa (C. tovarii and C. benoistii) were also assessed high priority, 21 taxa medium priority (including the two known crop progenitors), 11 low priority and two (C. galapagoense and C. villosum var. muticum) sufficiently conserved in situ.
As with the ex situ analysis, the ERSin scores per taxon were higher than the GRSin, in this case for all taxa but one (C. cornutum) and with 16 of the taxa being fully represented in in situ conservation with regard to the diversity of potentially inhabited ecoregions.
The most efficient establishment of additional protection for wild
Capsicum in protected areas with regard to geographic gaps would be concentrated in coastal Brazil, in Bolivia and Paraguay, and in the Andes (Figure 3b ).
With regard to combined conservation status (averaging the ex situ and in situ metrics), taxa ranged from no protection at all (C. piuranum) to a moderate level of conservation (C. cardenasii, with an FCSc-mean of 61.51, and C. galapagoense, with an FCScmean of 53.71) ( Figure 2 , Table 2 ; Table S2 .2). The FCSc-mean averaged across all taxa was 26.29. In summary, 18 taxa were determined to be high priorities for further conservation (including (Table 2; Table S2 .4).
These results provide further support for the current Red 
| D ISCUSS I ON
In total, 94.6% of the wild relatives of chile peppers were assessed high priority for further collecting for ex situ conservation, including the two known putative crop progenitors. Among these are 23 taxa with no (zero) reported ex situ representation in the available germplasm databases, and another eight with fewer than ten accessions, and thus very limited genetic diversity accessible for crop breeding and other research. Twenty-four (64.9%) taxa were assessed as medium or high priority for further protection in situ. A total of 48.7% of taxa were determined to be high, and another 46% medium priority for conservation with regard to both ex situ and in situ strategies combined. It is thus clear that further conservation action is needed, both to safeguard these taxa ex situ, and to ensure their continued survival and evolution in their natural habitats.
Across the wild taxa in the genus, the geographic gaps in both ex situ and in situ conservation representation largely aligned with taxonomic richness hot spots. These are especially prevalent along the (Scaldaferro et al., 2018) .
Focusing on the putative crop progenitors and close relatives, that is the taxa most likely to be utilized in crop breeding, which also include the wild taxa sold in local markets or cultivated in home gardens, the high priority taxon C. annuum var. glabriusculum is poorly represented ex situ with regard to geographic coverage of its potential distribution, but fairly well represented with regard to ecogeographic and ecological variation (Table 2; Figure S2 .2). This taxon is potentially present in protected areas that are fairly well distributed across its modelled range from the southern United States to northern South America, and was given a preliminary designation of LC in the threat assessment. The majority of the currently rec- 
| Challenges and limitations to distribution modelling and conservation gap analysis
Distributions of wild Capsicum are influenced by factors beyond the 26 ecogeographic predictors used here. These may include biotic (e.g., dispersal agents, host plants, mycorrhizae, pathogens and pollinators) and other abiotic (e.g., soil parent material and other edaphic characteristics) factors (Carlo & Tewksbury, 2014; Kraft et al., 2014; Tewksbury et al., 1999 Tewksbury et al., , 2008 . A number of the taxa, in particular C. annuum var. glabriusculum, but also C. baccatum var.
baccatum, C. cardenasii, C. chacoense, C. eximium, C. praetermissum and C. frutescens (putative wild/feral populations), are harvested from the wild, with populations exposed to varying levels of human management and impact, which affect their distributions over the long term (Aguilar-Meléndez & Lira Noriega, 2018; van Zonneveld et al., 2015 van Zonneveld et al., , 2018 Villalon-Mendoza et al., 2014) . Furthermore, the current ecogeographic suitability models are unable to fully account for relatively recent extirpation events of populations due to habitat degradation or destruction, for example for C. lanceolatum, thought to now be extinct in Mexico (Barchenger & Bosland, 2019) .
Our results, therefore, should best be considered as planning tools to guide explorations for further confirmation in the field.
F I G U R E 3 (a)
Predicted further collecting priorities hot spots map for wild Capsicum L. taxa. The map displays richness of areas within the potential distributions of the 37 wild Capsicum taxa that have not been previously collected for ex situ conservation, with up to ten taxa in need of further collecting potentially found in the same areas. Sites where existing germplasm of taxa has been collected are overlaid. (b) Predicted further in situ protection priorities map for wild Capsicum. The map displays richness of areas within the potential distributions of the 37 wild Capsicum taxa that are outside of current protected areas, with up to ten taxa found in the same unprotected areas. Protected areas are displayed in green Biodiversity occurrence data are often spatially biased, tending to concentrate around roadways and major population centres (Stolar & Nielsen, 2015; Syfert, Smith, & Coomes, 2013) . Alongside extensively reviewing the presence coordinate locations for accuracy, to mitigate the potential effect of spatial bias, we generated background points (pseudo-absences) only within the ecoregions in which the presence points were located. This limited the amount of variability present within the range of predictor values in the background dataset (Jarnevich & Young, 2019) . For some taxa, it is possible that the current occurrence data did not capture the full ecogeographic range within which the species can be found. As a result, the edges of the predicted distribution models represent particularly important regions for further field exploration (Jarnevich, Stohlgren, Kumar, Morisette, & Holcombe, 2015) . (Nabhan & Riordan, 2019) . As a number of the Capsicum taxa are wild-harvested and contribute to local cultures, nutrition and economies, it is important to include and to incorporate the priorities of harvesters and local consumers in conservation plans. We note that further domestication of wild
Capsicum for cultivation could also aid in reducing pressure on natural populations while responding to growing market demands for the edible species.
| Challenges to utilization of wild Capsicum germplasm
While ecogeographic information associated with germplasm accessions can help narrow the potential pool of useful germplasm targeted by plant breeders, these data cannot completely displace the need for phenotypic validation of adaptations, such as for abiotic or biotic stress tolerance. Moreover, ecogeographic data may better predict abiotic than biotic stress tolerance. Phenotypic characterizations of collections under diverse environmental conditions and using manipulative experiments (e.g., imposing moisture stress or inoculating with pathogens) are needed for wild Capsicum accessions. To further understanding of the genetics underlying adaptive traits in these wild relatives, associations between particular genetic sequences in wild Capsicum and phenotypes of interest could be established through genome-wide association studies (GWAS) or quantitative trait locus (QTL) analyses. Once the function of these candidate loci is established, the phenotypic effects of particular genetic variants can be mobilized for use (Tanksley & McCouch, 1997) .
Further, interspecific hybridizations can present challenges for breeding with wild species. For example, crosses made between members of the pubescens complex and other groups have sometimes resulted in unilateral incompatibility (Onus & Pickersgill, 2004; Pickersgill, 1997) . Post-fertilization seed abortion or sterility in the offspring has also been reported in several interspecific crosses (Pickersgill, 1991; Smith & Heiser, 1957; Yoon, Yang, Do, & Park, 2006) .
These constraints to utilization acknowledged, several successful strategies to overcome barriers to interspecific hybridization do exist in Capsicum (Yoon et al., 2006) . Furthermore, for more than 20 years, genes from pepper have been moved into tomato using transgenic technologies, increasing resistance to key diseases (Tai et al., 1999) . In the emerging era of genome editing, both the 12 and 13 base chromosome number wild Capsicum taxa could be useful in the development of more resilient peppers, as well as other crops, although we note that much of the environmental adaptation within wild plants is polygenic and quantitative (Tiffin & Ross-Ibarra, 2014) , so there may be limits on the degree to which adaptation can be engineered. Regardless of the breeding methods used, ensuring adequate representation of these wild relatives in conservation systems, and further characterizing populations with regard to their adaptations to abiotic and biotic stresses, will provide the foundations for their more widespread use.
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